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still whereas others actively migrated
in the DNFB-applied skin. We assume
that this distinct migratory activity may
be due to the fact that not all T cells in
the LNs after DNFB sensitization were
DNFB specific. In contrast, almost all
TNCB-sensitized T cells actively mi-
grated when DNFB was applied. In
addition, we showed reverse motile
activities in the TNCB-painted skin.
Moreover, skin-infiltrating T cells colo-
calized with APCs. These findings
suggest that skin-infiltrating T cells
may actively scan for antigens, and
when they meet APCs carrying their
specific antigens, they stop migrating
and stably interact with APCs. Our
results also indicate that in the elicita-
tion phase of CHS, hapten seems to be
presented mainly by APCs in the
dermis. Additional detailed studies are
needed to clarify which subset of
dermal APCs is essential for hapten
presentation and whether epidermal
Langerhans cells contribute.
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TO THE EDITOR
Canities or senile hair graying, a uni-
versally recognized sign of aging,
remains unresolved in terms of physio-
logical causes, although a strong genetic
contribution is understood (Gunn et al.,
2009). As the hair fiber continues to
grow long after melanin production
ceases, we suggest that melanocytes in
the hair follicle may be more sensitive
to the impact of chronological aging
than are keratinocytes. Moreover, folli-
cular melanocytes also age more mark-
edly than those in the overlying
epidermis. The hair follicle provides a
unique opportunity to decouple the
impact of age on two hair follicular
tissue functions: hair formation and hair
pigmentation. Previous studies have
pointed to a link between cellular aging
mechanisms, including oxidative stress
and hair graying (Arck et al., 2006;
Wood et al., 2009). Commo et al.
(2004) and others (Nishimura et al.,
2005) have suggested that repopulation
of the early anagen hair bulb with
precursors of active melanocytes is also
increasingly likely to fail with aging.
However, most studies differentiate
follicles on the basis of the level of
pigmentation, not donor age. We
also know that hair graying may be
partially reversed in some skin disorders
or after certain drug therapies (Reynolds
et al., 1998; Shaffrali et al., 2002).
Thus, graying may not necessarily
indicate a complete deletion of the
melanocyte stem cell population. We
wanted to explore the impact of chron-
ological age on melanocyte behavior to
further understand the graying process
and to identify associated molecular
changes.
This study provides analysis of race,
age, and anatomically matched cultures
of adult human epidermal and hair
follicle melanocytes (HFMs) (Supple-
mentary Table S1 online), and to our
knowledge, this is previously unre-
ported. Cultured HFMs showed at least
three distinct sub-populations, includ-
ing highly pigmented/dendritic bulbar
melanocytes, less-differentiated tripolar
cells, and an undifferentiated amelano-
tic bipolar sub-population (Supplemen-
tary Figure S1 online). By contrast,
epidermal melanocytes (EMs) largely
consisted of a homogeneous population
of highly dendritic and uniformly
weakly pigmented cells (Supplementary
Figure S1 online). Unlike EMs, the most
active melanocytes of the bulb do not
survive when explanted ex vivo.Abbreviations: EM, epidermal melanocyte; HFM, hair follicle melanocyte; SOD, superoxide dismutase
www.jidonline.org 979
S Kauser et al.
Aging Profile of Hair Follicle Melanocytes
Less-differentiated melanocytes, from
elsewhere in the bulb and the outer
root sheath, persist in graying, and can
be cultured and induced to make
melanin (Tobin and Paus, 2001; Slo-
minski et al., 2004).
Proliferation of HFMs and EMs
was examined in matched cultures
derived from young, middle-aged,
and older donors (Supplementary
Table S1 online). Both EM and HFM
proliferation decreased with age,
HFM by 49.7±2.4% and EM by
42.6±5.7%.
Tyrosinase expression was reduced
with age in EMs by 51.6% and by
77.1% in HFMs (Supplementary Table
S2 and S3 online; Supplementary Figure
1 online). In marked contrast, tyrosi-
nase-related protein-1 expression was
increased with age in both EMs
(þ 24.3%) and HFMs (þ43.6%) (Sup-
plementary Table S2 and S3 online;
Figure 1). It was noteworthy that
dopachrome tautomerase was greatly
reduced in EMs obtained from older
donors, but the expression of the
native form of this important melano-
genic enzyme was elevated by 67.2%
with age in HFMs (Supplementary
Table S2 and S3 online), although the
glycosylated form was much less af-
fected. Recent data from our laboratory
have shown that dopachrome tauto-
merase levels may be associated with
protection against oxidative stress in
EMs (Gledhill et al., unpublished).
Dopachrome tautomerase may also
provide such protection from quinone
metabolites (Michard et al., 2008),
highlighting an additional non-pigmen-
tary role for this enzyme in maintaining
cellular redox status. The precise rela-
tionship between dopachrome tauto-
merase and eumelanogenic HFMs
remains unresolved, as this relationship
seems to vary between follicles from
different body sites (Commo et al.,
2004; Thibaut et al., 2009). Recent data
have suggested that HFMs and EMs may
be regulated independently; even
by shared signaling pathways (Van
Raamsdonk et al., 2009).
As accumulation of oxidative stress
is a leading cellular aging mechanism,
and melanin synthesis itself is an
oxidative process (Pawelek and Lerner,
1978), we examined the relative ex-
pression of key anti-oxidant enzymes
(such as catalase, superoxide dismutase
(SOD)-1, and SOD-2) in fully matched
HFMs and EMs obtained from donors
of different ages. SOD-1 and SOD-2
protein expressions were similar in
HFMs and EMs and were not changed
with age (data not shown). However,
by contrast, catalase expression
was markedly reduced in HFMs deri-
ved from older donors as seen by
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Figure 1. Expression of melanocyte-specific markers in matched EM and HFM cultures. (a1–a4) Tyrosinase expression by immunocytochemical staining was
lower in both EMs and HFMs with age. (b1–b4) Differences in TRP-1 and (c1–c4) DCT expressions were not seen by immunocytochemical staining between
young and old donor melanocytes. (d1, d2) Controls were negative. Western blot analysis and densitometry indicated increased TRP-1 expression in both EMs
and HFMs derived from older compared with younger subjects (e, g; Supplementary Table S2 and S3 online). The glycosylated 80-kDa DCT doublet (upper
band) was virtually absent in aged donor EMs but much less affected in HFMs (panel g; Supplementary Table S2 and S3 online). Actin reprobe of the blots
confirmed equal protein loading (f, h). Blots are representative of three separate experiments, and the corresponding densitometric data are shown in
Supplementary Table S2 and S3 online). DCT, dopachrome tautomerase; EM, epidermal melanocyte; HFM, hair follicle melanocyte; Neg ctrl, negative control;
TRP-1, tyrosinase-related protein-1. Bar¼ 30mm.
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immunocytochemical examination
(Figure 2a1, a2 vs. b1, b2) and western
blotting (68.8% reduction with age;
Figure 2c; Supplementary Table S4
online), and catalase activity was also
reduced with age (42.0% Figure 2e).
Catalase expression was also reduced
in EMs with age (51.6% Figure 2c;
Supplementary Table S4 online). Low-
ered catalase protein expression/activ-
ity with elevated H2O2 production, due
to superoxide dismutation by SOD,
may lead to an accumulation of H2O2
in cells. This is likely to have cytotoxic
implications; such a scenario has been
implicated in vitiligo (Wood et al.,
2008). Although we did not measure
H2O2 levels in our EMs and HFMs, we
have subsequently shown that addition
of H2O2 reveals an ‘‘aged’’ HFM
phenotype that is refractory to stress
responses (Kauser et al., manuscript in
preparation). Keratinocytes surrounding
melanocytes in the epidermis may well
be a source of H2O2 that is uncharged
and freely diffusible (Pelle et al., 2005),
and there is evidence of H2O2 damage
to proteins in graying hair follicles
(Wood et al., 2009). Thus, the general-
ized loss of catalase in the hair follicle
could contribute to an ‘‘aged’’ melano-
cyte phenotype, heightened by the
greater age-related susceptibility of
HFMs compared with their epidermal
counterparts. Such oxidative damage
may also, as suggested by others (Wood
et al., 2009), cause damage to other
systems in the hair follicle and affect the
hair fiber itself. It may be expected that
higher expression/activity of catalase is
required by melanocytes with higher
pigmentation levels (also in pigmented
vs. the gray/white anagen hair bulbs);
however, it is also the case that hair
fiber production, by very high metabolic
and mitotic activity in white/gray hair
bulbs and associated reactive oxygen
species production, does not seem to
be impaired by the reduced catalase
expression/activity in these follicles.
In summary, we have demonstrated
that we can successfully transfer an
aged HFM phenotype from ex vivo skin
to in vitro cell culture, and we now
propose that catalase expression/activity
is an important effector in the responses
of melanocytes to aging. Our data lend
support to the hypothesis that the sus-
ceptibility of HFMs to oxidative stress
over time may be a major factor in the
loss of hair pigment, the reduction in
overall numbers of melanocytes per
follicle, and ultimately for the increase
in number of ‘‘white’’ hairs.
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Figure 2. Catalase expression differs with age in matched EM and HFM cultures. Expression of catalase by immunocytochemical staining was higher in
melanocytes derived from (a1, a2) young donors compared with (b1, b2) older donors. Western blot analysis confirmed these findings and demonstrated a donor
age-related reduction in catalase expression that was more pronounced in HFMs (68.8%) compared with EMs (51.6%) (c; Supplementary Table S4 online).
(d) Actin reprobe of the blots confirmed equal protein loading. Blots are representative of three separate experiments and the corresponding densitometric data
are shown in Supplementary Table S4 online. (e) Catalase activity was reduced by 42.0% in HFMs from older donors compared with their young counterparts.
Catalase activity results are representative of five separate experiments (younger mean age 28 years, older mean age 61 years). Statistical significance was
assessed by Students’ t-test, ***Po0.001. Bar¼ 30mm.
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TO THE EDITOR
Atopic eczema (AE) (OMIM %603165)
is the most common chronic inflamma-
tory skin disease, characterized by xero-
sis, pruritus, and erythematous lesions
with increased transepidermal water
loss. In recent years, it has been sug-
gested that the epidermal skin barrier has
a significant role in AE disease suscept-
ibility and severity (Smith et al., 2006;
Cork et al., 2009). Sandilands et al.
(2006) demonstrated that null mutations
within the filaggrin gene (FLG) strongly
predispose individuals to AE. Two FLG
null alleles (R501X and 2282del4) have
been shown to be significantly asso-
ciated with AE in several European
populations (Palmer et al., 2006;
Weidinger et al., 2007). Recently, a
meta-analysis of the most common FLG
variants in European populations, invol-
ving 5,791 eczema cases and 26,454
controls (Rodriguez et al., 2009), re-
vealed that there is a high risk conferred
by R501X and 2282del4 across the
studies, with an overall odds ratio of
3.14 and 2.78, respectively. Indeed,
large differences in carrier frequencies
exist across Europe, ranging from 1.4%
in an Italian population (Giardina et al.,
2008) to 63% in an Irish population
(Palmer et al., 2006). Recently, we
observed that in Italian patients the
frequencies of R501X and 2282del4 are
strongly reduced with respect to those
described in other patients of European
origin, and the frequencies are similar
between cases and controls (0.6 vs.
0.0% and 0.9 vs. 0.5%, respectively).
In order to determine whether other
mutations located elsewhere in FLG
confer risk to AE, we performed a full
sequencing of FLG in Italian patients.
We performed a sequencing of the
full FLG gene in a cohort of 220 Italian
AE patients (recruited by IDI-Istituto
Dermopatico dell’Immacolata and
Fatebenefratelli Hospital). We then
determined the frequency of variations
and mutations in a cohort of 201
healthy subjects. The diagnosis of AE
in our case cohort was made by
experienced dermatologists or by a
pediatric allergologist. The cohort con-
sisted of 85% of cases with the intrinsic
subtype and 15% with the extrinsic
form of AE. These subtypes and severity
of AE have been established based on
the total IgE level (extrinsic subtype
4500 ng l1) and using the scoring
atopic dermatitis. Further clinical de-
tails of Italian patients are available inAbbreviations: AE, atopic eczema; FLG, filaggrin gene; LD, linkage disequilibrium
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